Abstract The use of HLA-identical hematopoietic stem cell transplantation (HSCT) demonstrates overall survival rates greater than 75 % for T-B-NK+ severe combined immunodeficiency secondary to pathogenic mutation of recombinase activating genes 1 and 2 (RAG1/2). Limited data exist regarding the use of HSCT in patients with hypomorphic RAG variants marked by greater preservation of RAG activity and associated phenotypes such as granulomatous disease in combination with autoimmunity. We describe a 17-year-old with combined immunodeficiency and immune dysregulation characterized by granulomatous lung disease and autoimmunity secondary to compound heterozygous RAG mutations. A myeloablative reduced toxicity HSCT was completed using an unrelated bone marrow donor. With the increasing cases of immune dysregulation being discovered with hypomorphic RAG variants, the use of HSCT may advance to the forefront of treatment. This case serves to discuss indications of HSCT, approaches to preparative therapy, and the potential complications in this growing cohort of patients with immune dysregulation and RAG deficiency.
Introduction
Based on recent reports of newborn screening, recombinase activating genes 1 and 2 (RAG1/2) are the second most prevalent genes associated with severe combined immunodeficiency (SCID) with a predicted prevalence of 1 in 330,000 (in the USA) and the most common genes associated with leaky SCID [1] . Curative treatment with hematopoietic stem cell transplantation (HSCT) is the standard of care in this otherwise fatal disease. HSCT using an HLA-identical donor for recombinase-related disorders including T-B-NK+ SCID demonstrates excellent overall survival of greater than 75 % [2, 3] . Next-generation sequencing has supported the expansion of the phenotypic heterogeneity of RAG deficiency. Hypomorphic RAG gene variants with partially preserved RAG activity are associated with a spectrum of immunologic and clinical phenotypes ranging from Omenn syndrome to leaky SCID with or without expansion of T cell receptor γδ+ T cells, CD4 T cell lymphopenia, and combined immunodeficiency with granulomatous disease and/or autoimmunity (CID-G/AI) [4] [5] [6] . In the era of whole-exome sequencing, RAG deficiency is now being associated with previously unexpected phenotypes, such as agammaglobulinemia, IgA deficiency, selective antibody deficiency, and even chronic recurrent osteomyelitis, with variable outcomes ranging from mild to fatal disease [7, 8] .
In these newly discovered phenotypes with more preserved overall RAG activity (>10 %), the clinical outcome may not be predicted with confidence, as genotype correlation is less robust and wide intrafamilial variability has been reported [9, 10] . The uncertainty of predicting clinical outcomes based on the genetic mutation alone hinders proper timing of definitive treatment, such as HSCT (Table 1 ). In fact, very limited data exist with respect to the tailoring of HSCT in patients with RAG deficiency characterized by a CID-G/AI phenotype and beyond (Table 2 ) [4, 6, 9, [11] [12] [13] [14] . Many of these recently discovered RAG-deficient patients pose a clinical challenge to transplanting physicians secondary to unique immunological profiles (e.g., greater numbers of T cells) and pre-HSCT morbidity (e.g., age, chronic infections, signs of immune dysregulation). We discuss the management of a 17-year-old patient with a CID-G/AI phenotype in association with compound heterozygous RAG1 gene mutations who underwent an unrelated bone marrow transplant using a myeloablative reduced toxicity conditioning regimen [5] . This case report and review of current literature serves to discuss the clinical decision-making that leads to HSCT among patients with CID-G/AI phenotype, tailoring of the preparative therapy, as well as to highlight the spectrum of post-HSCT complications that may be expected in this unique cohort of patients.
Methods
We have previously reported the case of a patient who was diagnosed with common variable immunodeficiency. Using whole-exome sequencing, an ultimate genetic diagnosis of combined immunodeficiency with compound heterozygous RAG1 gene mutations c.256_257delAA; p.K86VfsX33 and c.1835A>G; and p.H612R was documented [5] . By 18 years of age, she had suffered from recurrent sinopulmonary disease (Penicillium, Corynebacterium propinquum, Pseudomonas aeruginosa), autoimmunity (cytopenias, vitiligo, duodenitis), and exacerbations of granulomatous lymphocytic interstitial lung disease (GLILD) despite a variety of immunomodulatory therapies including immunoglobulin replacement, corticosteroids, and anti-tumor necrosis factor alpha agents (infliximab, adalimumab), sirolimus, and abatacept. Thus, she was evaluated for consideration for unrelated donor HSCT.
The HSCT preparative regimen included alemtuzumab (0.5 mg/kg/day) from day −12 to day −10; melphalan IVIG intravenous immunoglobulin, TMP/SMX trimethoprim/sulfamethoxazole, AIHA autoimmune hemolytic anemia, Ab antibody, ITP idiopathic thrombocytopenia purpura Table 2 HSCT characteristics of previously reported cases of RAG mutations causing the CID-G/AI phenotype that underwent HSCT [4, 6, 9, [11] [12] [13] [14] Number Age at (70 mg/m 2 /day) from day −9 to day −8; thiotepa (10 mg/kg/ day) on day −7; and fludarabine (40 mg/m 2 /day) from day −6 to day −2. This was followed by a day of rest on day −1 and an infusion of 3 × 10e 6 CD34+ cells/kg from a 10/10 HLA allele matched unrelated bone marrow (bidirectional ABO incompatibility with recipient blood type of A+ and donor blood type of B+) from a 28-year-old CMV seropositive male donor (recipient was also CMV seropositive). Graft-versus-host disease (GVHD) prophylaxis was initiated with mycophenolate mofetil and tacrolimus. Tacrolimus levels were monitored to maintain a trough between 5 and 10 ng/mL. Ursodiol served as prophylaxis for sinusoidal obstruction syndrome. Prophylaxis against Pneumocystis jiroveci, herpes simplex virus (HSV), and fungal organisms included trimethoprim/sulfamethoxazole, acyclovir, and micafungin (subsequently transitioned to fluconazole), respectively. Empiric treatment for a single acid-fast bacillus colony isolated from a pre-HSCT sinus culture was started with rifampin, isoniazid, and pyrazinamide, which subsequently was changed to ethambutol. The culture of the single colony of acid-fast bacillus did not grow and could not be further specified; therefore, the antimycobacterial regimen was switched to prophylaxis with azithromycin. Intravenous immunoglobulin (IVIG) continued at a dose of 0.5 g/kg/dose every 4 weeks before and after HSCT. Pre-emptive screening for cytomegalovirus (CMV), Epstein-Barr (EBV) virus, and adenovirus was completed.
Results
On day +4, she developed severe gastrointestinal toxicity characterized by abdominal pain and diarrhea (up to 3.9 L/ day), requiring supportive care including narcotic analgesics, parenteral nutrition, and a continuous infusion of octreotide. Mycophenolate mofetil was discontinued on day +5 given previous descriptions of mycophenolate mofetil-associated enterocolitis. Infectious evaluation documented a positive norovirus PCR on day +6, likely contributing to the early colitis. Because of fever and worsening abdominal pain, CT exams of her sinuses, chest, abdomen, and pelvis were performed on day +12, which showed worsening of her chronic sinusitis and bibasilar consolidations of the lungs. On day +19, a bronchoalveolar lavage was obtained which revealed Stenotrophomonas maltophilia, adenovirus via viral culture, and rhinovirus/enterovirus detected via PCR. Upper and lower endoscopic exams were completed with biopsies that demonstrated histopathologic evidence of adenovirus-associated colitis. In addition, a urine culture was positive for adenovirus. Disseminated adenovirus was initially treated with cidofovir (5 mg/kg/dose) with probenecid (6 g divided in three doses) and transitioned on day +34 to brincidofovir (100 mg twice weekly); however, the brincidofovir was discontinued on day +82 due to persistent nausea. A one-time treatment with high- Gy gray, D day, ATG anti-thymocyte globulin, TBI total body irradiation, UR unrelated, Sib sibling, M matched, H haploidentical, Ppx prophylaxis, CSA cyclosporine, MTX methotrexate, Siro sirolimus, Tacro tacrolimus, MMF mycophenolate mofetil, GI gastrointestinal, IS immunosuppression, CMV cytomegalovirus, EBV Epstein-Barr virus, CTL cytotoxic T lymphocytes dose IVIG (1.5 g/kg total dose) was administered immediately following the diagnosis of disseminated adenovirus and then continued at 0.5 g/kg/dose weekly until discharge. By day + 47, her serum, urine, and stool samples were negative for adenovirus via PCR. Her transplant course was also complicated by pancreatitis (peak lipase of 1629 units/L on day +12) detected during evaluation of persistent nausea. At this time, tacrolimus was stopped and cyclosporine started for continued GVHD prophylaxis. In addition, she developed Granulicatella adiacens bacteremia requiring intravenous antibiotic therapy. Finally, BK viruria (>50,000,000 copies/mL) and viremia (detected but <5000 copies/mL) were documented in association with mild symptoms (abdominal pain, dysuria) of transient cystitis on day +58. Her absolute neutrophil count exceeded 500 cells/μL for three consecutive days on day +24. Secondary to ongoing cytopenias developed post-HSCT, a bone marrow evaluation was completed on day +24, which demonstrated 20 % cellularity, trilineage hematopoiesis, and 100 % donor chimerism in all cell lines assessed (T cells, B cells, monocytes, and neutrophils). She was discharged on Day +72 and showed no evidence of acute or chronic GVHD. Secondary to persistent nausea and global decrements in her pulmonary function testing at day +93, repeat CT exams of her chest, abdomen, and pelvis were performed but showed only mild colitis. A repeat bronchoalveolar lavage documented only Stenotrophomonas maltophilia on culture and rhinovirus/enterovirus by PCR. A repeat upper and lower endoscopic exam demonstrated no histopathologic evidence of infectious colitis or GVHD. She developed asymptomatic EBV viremia (peak EBV DNA level of 8047 copies/mL on day +112), which resolved with weaning of cyclosporine. On day +148, she was diagnosed with shingles; acyclovir prophylaxis had been stopped. At day +237, she remains on subcutaneous immunoglobulin supplementation (0.1 g/kg every 2 weeks) with normal immunoglobulin levels. Lymphocyte immunophenotype was assessed pre-HSCT and 6 months post-HSCT and is depicted in Table 3 . Post-HSCT evaluation also documented absence of T-cell receptor excision circles (TRECs) and abnormal T-cell receptor diversity (14 of 28 TCR Vb families/subfamilies demonstrate an oligoclonal repertoire) . Her Karnofsky score is 90, although she continues to show evidence of asymptomatic cytopenias as demonstrated by a white blood cell count of 3000/μL (absolute neutrophil count 1920/μL), hemoglobin 10.9 g/dL, and platelet count of 104,000/μL while on eltrombopag (50 mg daily). She has no clinical evidence of ongoing GLILD or autoimmunity.
Discussion
Patients with CID-G/AI phenotype secondary to hypomorphic RAG variants present a challenge to clinicians. As a result of partially preserved RAG activity (>10 %), patients tend to present with initially milder but progressively worsening immunophenotype and distinct clinical characteristics of immune dysregulation. As exemplified in our case, the progression of immunological decline and only partial response to immune modulation may prompt the clinician to consider curative treatment such as HSCT. The identification of these patients with pathogenic RAG mutations allows the clinician not only to justify HSCT but also to arrange for proper donor selection. Excluding family members with the same genetic mutations but milder phenotype is an important part of this process [9] .
Based on the current literature, we identified 13 patients with CID-G/AI phenotype who received HSCT (Table 2) [4, 6, 9, [11] [12] [13] [14] . With the introduction of newborn screening for SCID, we have reported a case of HSCT for an asymptomatic infant of RAG deficiency with immune dysfunction and strong family history of fatal complications and autoimmunity. The other 12 patients were transplanted for worsening immune dysregulation, and the age at the time of transplant Table 3 Immunologic profile of our patient with RAG deficiency resulting in the CID-G/AI phenotype both prior to HSCT and 6 months after HSCT Pre-HSCT Post-HSCT (6 months) Normal NA not available, (L) low, (H) high ranged from 29 months to 19 years. Our patient is among the oldest HSCT recipients with hypomorphic RAG mutations. Three (25 %) of these patients died, two secondary to transplant-related complications and one from an accident. The benefit of a successful HSCT is to reduce the risk for fatal infections and prevent escalation of autoimmunity. The selection of donors and of myeloablative regimens for previously reported patients varied. The indication and proper timing for HSCT in CID-G/AI phenotype is still unclear, especially for those with pathogenic mutations but otherwise mild symptoms. Unfortunately, limited data exist to provide clinicians with information regarding the ideal approach to HSCT and the subsequent course of these patients. Unrelated donor HSCT in the setting of RAG deficiency with a CID-G/AI phenotype, as demonstrated in our patient, is not without risks. The infectious complications may have developed secondary to the intense T cell depletion we utilized and the requirement of ongoing post-HSCT immunosuppression to prevent GVHD. Treatment with investigational agents proved to be efficacious, sparing the need for adoptive immunotherapy with virus-specific T cells. We anticipate that some early immune recovery was achieved including specific cytotoxic T cell function as demonstrated by the clearance of her adenovirus infection. Given the high mortality associated with disseminated adenovirus infection, her clearance of adenovirus is a striking finding. Her immune recovery has been limited; however, the duration of follow-up is short. Low T cell counts as well as absent TRECs may also be associated with underlying thymic dysfunction [15] . It is unknown whether HSCT earlier in life could allow for greater capacity for immune reconstitution for this patient, although we have a report of an asymptomatic patient with T cell lymphopenia and RAG1 compound heterozygous mutation (RAG1 mutation/ activity level R841Q 0 %, F947R 56 %) associated with CID-AI/G phenotype, who was transplanted at 3 months of age and had full reconstitution and no complications [14] . Hence, early transplant with no prior exposure or infection with viruses seems to improve outcomes.
Despite improvement in her GLILD (by chest CT and clinical exam) and autoimmunity, our patient continues to have evidence of asymptomatic cytopenias in the context of 100 % donor engraftment across all cell lines assessed. One possible explanation is that survival of long-lived autoreactive plasma cells are in niches not cleared by myeloablation. In fact, autoantibody production is frequently seen post-HSCT in patients with primary immunodeficiency disorders. Despite this, no laboratory evidence of autoantibodies has been detected (e.g., negative direct antiglobulin test). The graft dysfunction may be related to concurrent early adenoviral infection; however, the cytopenias persisted even after the resolution of infection. In RAG deficiency, patients tend to be inflammation-prone, partly related to an overactive innate system, including NK cells prone for hyperresponsiveness but with decreased Bfitness^to survive after virus proliferation [16] . Inadequate pre-transplant immunosuppression or an inadequate number of infused CD34+ cells are associated with graft dysfunction; however, the immunosuppression we utilized appears to have been adequate based on post-HSCTengraftment studies, and the number of CD34+ cells infused was >2.0 × 10e 6 CD34+ cells/kg [17, 18] . Treatment options for graft dysfunction and aforementioned poor immune reconstitution include a stem cell boost from the same donor or consideration of a second HSCT [19, 20] . At this time, the benefit of a second transplant (given the asymptomatic nature of her cytopenias and improvement in infectious and autoimmune complications thus far) may not outweigh the risk of GVHD, lethal infection, or other transplant-related morbidity. Despite this, the use of retransplantation has been utilized successfully.
The tailoring of conditioning regimens to the needs of each individual patient is often needed. HSCT for SCID secondary to V(D)J recombination defect seems to have a less favorable outcome, including resistance to engraftment and poor B cell reconstitution, when compared to patients with pure T cell defects (such as common gamma chain) [3, 21, 22] . The likely reason for this difference is the accumulation of early T cell precursors in the thymus and B cell elements in the bone marrow that may limit the environment for proper engraftment of donor-derived lymphocytes; therefore, it has been established that SCID secondary to impaired V(D)J recombination require myeloablation. For RAG defects with SCID, full myeloablation is recommended whereas defects in other non-homologous end-joining complex might require reduced intensity treatment secondary to impaired DNA repair [21] [22] [23] . Conditioning was important in our patient in order to ensure proper stem cell engraftment and B cell reconstitution. Given the significant pre-HSCT morbidity including interstitial lung disease, a myeloablative reduced toxicity regimen consisting of fludarabine, melphalan, thiotepa, and alemtuzumab was chosen to minimize transplant-associated toxicity. Other regimens were considered including busulfan-based regimens targeting sub-myeloablative dosing. However, we felt that avoidance of busulfan was best given the risk of pulmonary toxicity in this susceptible patient. This regimen did appear to offer adequate immunoablation, as graft rejection did not occur, and lowered the risk of GVHD mediated by donor T cells. Treosulfan-based regimens which offer myeloablation and reduced toxicity have also been successfully utilized in patients with primary immunodeficiency disorders [24] [25] [26] .
In summary, this report and review of current literature suggests that HSCT using a matched unrelated bone marrow donor may represent a reasonable option for patients with hypomorphic RAG mutations and associated RAG deficiency with a progressive CID-G/AI phenotype. This approach may be extended to older patients with newly identified RAG deficiency as well as those with significant co-morbidities such as autoimmune cytopenias or GLILD. Careful attention must be given to the selection of a conditioning regimen that maximizes immunoablation while limiting organ-specific toxicities.
Aggressive monitoring and intervention are necessary to limit infectious morbidity. Despite this, challenges including autoimmune cytopenias may still arise or recur. We found that allogeneic HSCT using a matched unrelated bone marrow donor following an immunoablative combination of fludarabine, melphalan, thiotepa, and alemtuzumab is a safe and less toxic approach to HSCT in these unique patients; however, additional modifications are likely to be necessary to ensure effective HSCT procedures.
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